DSCAM, a conserved gene involved in neuronal differentiation, is a member of the Ig superfamily of cell adhesion molecules. Herein, we report the functional characterization of a human DSCAM (Down syndrome cell adhesion molecule) paralogue, DSCAML1, located on chromosome 11q23. The deduced DSCAML1 protein contains 10 Ig domains, six fibronectin-III domains, and an intracellular domain, all of which are structurally identical to DSCAM. When compared to DSCAM, DSCAML1 protein showed 64% identity to the extracellular domain and 45% identity to the cytoplasmic domain. In the mouse brain, DSCAML1 is predominantly expressed in Purkinje cells of the cerebellum, granule cells of the dentate gyrus, and in neurons of the cerebral cortex and olfactory bulb. Biochemical and immunofluorescence analyses indicated that DSCAML1 is a cell surface molecule that targets axonal features in differentiated PC12 cells. DSCAML1 exhibits homophilic binding activity that does not require divalent cations. Based on its structural and functional properties and similarities to DSCAM, we suggest that DSCAML1 may be involved in formation and maintenance of neural networks. The chromosomal locus for DSCAML1 makes it an ideal candidate for neuronal disorders (such as Gilles de la Tourette and Jacobsen syndromes) that have been mapped on 11q23.
the organization of neural networks during development (1, 2) . CAMs can be grouped into three distinct families: the integrin family, cadherin family, and immunoglobulin (Ig) superfamily proteins. Integrins are cell-surface receptors for extracellular molecules that generally bind to arginine-glycine-aspartic acid (RGD) residues or related sequences (3) . Direct cell-cell adhesions are regulated by two adhesive systems: a calcium-dependent adhesive system, mediated by the cadherin family protein (4) , and a calcium-independent system, mediated by the Ig superfamily (5) . Members of the Ig-superfamily, such as NCAM, MAG, and myelin glycoprotein P-zero (P 0 ) are homophilic cell adhesion molecules, expressed widely in nervous systems. These molecules show spatially and developmentally restricted expression and are believed to play important roles in axonal elongation along specific pathways, fasciculation of specific populations of axons, and neuronal migration (6 -8) . Recent studies provide evidence that they are also involved in plasticity of selective synaptic connections (9) and programmed cell death of neurons (10) . These findings underscore the importance of Ig-superfamily molecules in cell-cell communication during nervous system development.
Cell adhesion molecules of the Ig superfamily are divided into two groups in light of their subcellular localization: axon-associated cell adhesion molecules (AxCAMs) and dendrite-associated cell adhesion molecules (DenCAMs) (11, 12) . To date, dozens of AxCAMs have been discovered and extensively studied. AxCAMs of the Ig-superfamily are further divided into several subgroups based on their primary structures (6 -8) . The L1 subgroup includes L1, Ng-CAM, Nr-CAM, and neurofascin. All members of this subgroup are membrane-spanning glycoproteins containing six Iglike domains and five fibronectin type III (FNIII) domains (13) (14) (15) (16) . DCC and neogenin have four Ig-like domains and six FNIII domains, as well as transmembrane and cytoplasmic domains (17, 18) . The TAG-1/F3 1 Sequences reported in this paper were submitted to the GenBank with Accession Nos. AF334384 and AF351196. 2 To whom correspondence should be addressed. Fax: ϩ81-48-467-7095. E-mail: yamakawa@brain.riken.go.jp. http://www.brain.riken.go. jp/labs/ngs/index.html.
subgroup includes TAG-1/axonin-1 and F3/F11, which are glycosylphosphatidylinositol (GPI)-anchored glycoproteins containing six Ig-like domains and four FNIII repeats (19 -22) . NCAM and MAG may form two additional subfamilies (23, 24) .
The recent identification of orthologues for DSCAM (Down Syndrome cell adhesion molecule) in human (25) , mouse (26) , and Drosophila (27) have led to the definition of a new Ig-superfamily subgroup. The high structural similarity within DSCAM orthologues increases the likelihood that the three proteins are functional homologues. The founder member, human DSCAM, is located at human chromosome 21q22, the locus associated with the mental retardation phenotype of Down Syndrome (25) . DSCAM, predicted to be the largest member of the neuronal Ig superfamily, mediates cation-independent homophilic intercellular adhesion (28) . In Drosophila, DSCAM is required for the formation of axon pathways and existence of more than 30,000 isoforms has been predicted (27) . Although multiple isoforms have not been detected for DSCAM in human (25) and mouse (26) , its expression profile and functional properties (28) suggest a conserved function in neuronal differentiation (26, 28) . In an earlier study (26) , we identified a partial cDNA (KIAA1132) predicted to encode a novel DSCAM-like protein. Since characterization of new members might contribute to the understanding of the biological functions of the DSCAM subfamily genes, we extended our studies on the KIAA1132 clone. In the present paper, we describe the isolation of full-length cDNA (named DSCAML1), chromosomal assignment, expression profile, and functional characterization using a variety of approaches. Our results show that the structural and functional properties of DSCAML1 are strikingly similar to DSCAM.
MATERIALS AND METHODS
Screening of cDNA libraries. The clone KIAA1132 (GenBank Accession No. AB032958) was obtained from Kazusa DNA Research Institute, Japan. A human fetal brain cDNA library (UNI-ZAP XR insertion vector; Stratagene) and a mouse adult brain cDNA library (ICR out-bred, Lambda ZAP-II vector; Stratagene) were screened using KIAA1132 as a probe according to a standard protocol (26) . Nucleotide sequences of the isolated cDNA clones were determined on an automated sequencer (ABI PRISM 377; PE Applied Biosystems) using the BigDye Primer Cycle Sequencing method (PE Applied Biosystems).
Fluorescence in situ hybridization (FISH):
Direct R-banding FISH was used for the chromosomal assignment of human and mouse DSCAML1 gene as reported earlier (29, 30) . Briefly, the R-banded chromosomes were denatured at 70°C in 70% formamide/2ϫ SSC. Human and mouse DSCAML1 cDNA clones were labeled with biotin 16-dUTP by nick translation (Boehringer Mannheim) and hybridized overnight at 37°C in the presence of Cot-I DNA and salmon sperm DNA. Specific hybridization signals were detected by incubating the hybridized slides in fluoresceinstreptavidin followed by counterstaining with propidium iodide. The image was captured by a Photometrics cooled-CCD camera using the Leica QFISH system (Leica).
Northern blot analysis. Extraction of total RNA from postnatal mouse brain tissue, gel separation, and Northern transfer were performed as reported earlier (26) . Additional Northern blots for human fetal tissues, adult tissues, and adult brain tissues, and mouse embryos and mouse adult tissues were purchased from Clontech. For hybridization, DNA probes were labeled with [␣-32 P]dCTP and hybridized overnight in ExpressHyb hybridization solution (Clontech). The blots were washed in 0.1ϫ SSC/0.1% SDS at 55°C and exposed to X-ray film at Ϫ80°C.
DNA extraction and zoo blot hybridization. Genomic DNAs from tissue samples were extracted using the standard phenolchloroform method (31) . Ten micrograms of genomic DNA was digested overnight with 40 units of restriction enzymes, size separated on an 0.8% agarose gel, and Southern blotted (31) . The probe was labeled with [␣-32 P]dCTP and hybridized overnight at 42°C in a hybridization solution containing 50% formamide, 5ϫ SSC, 5ϫ Denhardt's solution, 0.5% SDS and 100 g/ml denatured salmon sperm DNA. The blot was washed in 1ϫ SSC/0.1% SDS at 50°C for 5 min and exposed to X-ray film at Ϫ80°C.
Whole-mount RNA in situ hybridization. A 1.0 kb fragment of the mouse DSCAML1 cDNA clone corresponding to the 3Ј coding region was subcloned into Bluescript vector SKϩ/Ϫ (Stratagene). Sense and antisense riboprobes were synthesized with the DIG-RNA labeling kit (Boehringer Mannheim). Whole-mount in situ hybridization was performed as reported previously (26) using vibratome sections (300-m-thick) of adult mice brains. As controls, Vibratome sections were hybridized either without a probe or with a sense strand probe.
Construction of DSCAMl1-expression vectors and transfection.
The complete coding region of DSCAML1 from the cDNA clone cDSCAML1-1 (GenBank Accession No. AF334384) in Bluescript vector was excised and cloned in-frame into the pcDNA3-MycN mammalian expression vector (Invitrogen). This construct, named pcDNA-MycN ϩ DSCML1, encodes an N-terminal Myc-DSCAML1 fusion protein. Similarly, a pEGFPC2 (Clontech) expression construct containing the DSCAML1 coding region was created. The DSCAML1 this construct, named pEGFP-DSCAML1, was tagged with the N-terminal enhanced green fluorescent protein (EGFP).
For transient transfection, mouse fibroblast L929 cells (L cells) were cultured as reported previously (28) . PC12 cells were plated on collagen type 1-coated dishes in Dulbecco's modified Eagle medium (DMEM; Life Technologies) supplemented with 5% FBS and 5% horse serum. After overnight incubation, the cells were transfected with expression constructs using the Lipofectamine Plus transfection kit (Life Technologies) following the manufacturer's protocol. Transfectants were processed for examination 48 h after transfection. For some experiments with PC12 cells, nerve growth factor (NGF, 50 ng/ml; Prince Laboratories) was added at 24 h posttransfection, and cells were incubated for an additional 24 h. Upon NGF induction, PC12 cells differentiate and express characteristics of sympathetic neurons (32) . Stable L cell lines that express DSCAML1 were established as reported earlier (28) .
Fluorescent immunocytochemistry.
Transiently transfected PC12 cells and mouse fibroblast L cells were processed for living cell staining according to a previously described method (28) . Briefly, cells were incubated in culture medium with a primary antibody for 1 h at 4°C. For double staining with anti-neurofilament antibody (American Research Products) or anti-MAP2 antibody (Sigma), cells were permeabilized with 0.1% Triton X-100 in PBS. After several washes with PBS, the cells were incubated first with blocking solution (5% normal goat serum and 5% fish gelatin in PBS) and then with FITC or rhodamine tagged secondary antibody (Molecular Probes, Eugene, OR) for 1 h at room temperature. Subsequently the cells were washed with PBS and were mounted with SlowFade (Molecular Probes) for observation using a confocal laser-scanning microscope (Fluoview: Olympus).
FIG. 2.
Alignments of amino acid sequences for human DSCAM, DSCAML1, and Drosophila DSCAM. Dense shading indicates identical amino acids and light shading shows conservative substitutions. The cytoplasmic domain of Drosophila DSCAM does not show statistically significant homology to either human DSCAM or DSCAML1.
Cell fractionation and membrane extraction. Transiently transfected confluent PC12 and L cells were placed on ice and washed twice with ice-cold PBS. Cells were scraped from the dishes and homogenized in a hypotonic buffer (0.25 M sucrose, 10 mM Tris-HCl, 10 mM NaCl, and 1 mM EDTA, pH 7.5) supplemented with a mixture of protease inhibitors (Boehringer Mannheim). Soluble and membrane protein fractions were prepared as reported previously (28) . Protein concentration of the membrane fraction was determined by the micro BCA protein assay kit (Pierce) and 50 g of protein was loaded for Western blot analysis.
Western blot analysis. Western blot analysis was performed as described previously (28) . Briefly, protein samples were analyzed by SDS-PAGE on a 2-15% gradient gel and transferred onto a nitrocellulose membrane (0.45 m, Schleicher & Schuell). The membrane was processed through sequential incubations with primary antibody (anti-GFP, 1:500 or anti-Myc, 1:200 dilution) for 1 h and horseradish peroxidase-conjugated secondary antibody (1:1000, Santa Cruz Biotechnology) at 0.4 g/ml. Immunoreactive proteins on the filter were visualized using the Renaissance Chemiluminescence Reagent (NEN Life Science Products) and documented using Kodak BioMax X-ray film.
Cell aggregation assay.
Cell aggregation experiments were carried out as described previously (28) . In brief, L-EGFP-1 and L-DSCAML1-1 L cell transformants were differentially labeled with DiI (1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine) and DiO (3,3Ј-dioctadecyloxacarbocyanine perchlorate) (Molecular Probes), respectively. The cell suspension was incubated at 37°C in a CO 2 incubator without agitation, and a small aliquot was withdrawn every 30 min after gentle mixing, and the particles counted. In a divalent cation dependence assay, the cells were resuspended in four different solutions: Hanks' balanced salt solution (HBSS) (GIBCO BRL), HBSS without Ca 2ϩ and Mg 2ϩ , or Ca 2ϩ /Mg 2ϩ -free HBSS in the presence and absence of 10 mM EDTA. After a 1-h incubation at 37°C, the total number of particles was counted as described above.
RESULTS
Isolation and sequence analyses of human and mouse DSCAML1 cDNAs. Identification of a partial human cDNA sequence (KIAA1132; GenBank Accession No. AB032958) that showed significant homology at con- ceptual translated protein sequence level to human DSCAM was described in our previous study (26) . Sequence alignment revealed that the nucleotide sequence of clone KIAA1132 corresponds to positions 1790 to 6125 of the human DSCAM. To isolate fulllength cDNA clones, we screened a human fetal brain cDNA library and identified three independent clones. Sequence analysis revealed that one of these clones (cDSCAML1-1: GenBank Accession No. AF334384) contained the 5Ј-untranslated region (94 bp), complete coding region (6162 bp), and the 3Ј-untranslated region (555 bp). The gene coded by the largest cDNA clone (cDSCAML1-1) was named DSCAML1 (Down Syndrome cell adhesion molecule-like gene 1) and approved by the HUGO Gene Nomenclature Committee, UCL, London. Next, we cloned the mouse orthologue for DSCAML1. Screening of a mouse brain cDNA library led to the isolation of four independent but overlapping cDNA clones. Sequence analyses and comparison of the mouse DSCAML1 consensus sequence (GenBank Accession No. AF351196) with the human orthologue revealed that mouse DSCAML1 contained a partial ORF that was truncated at the 5Ј end (see Fig.  1 ). Attempts to further isolate the 5Ј cDNA sequence were unsuccessful. In the sequence analyses of multiple cDNA clones obtained for human and mouse DSCAML1 genes, no differentially spliced transcripts were identified.
The nucleotide sequence of the full-length human DSCAML1 cDNA encodes 2053 amino acids with a total molecular mass of 224 kDa and pI of 8.04. Domain homology analysis using SMART (33) (http://smart.embl-heidelberg.de/) revealed that the putative DSCAML1 protein contains an extracellular domain (1573 amino acids), a transmembrane domain (21 amino acids) and a cytoplasmic tail (441 amino acids) (Fig. 1) . The extracellular domain contains nine tandemly repeated Ig-like C2-type domains and a tenth Ig-C2 domain located between domains 4 and 5 of the ensuing array of six repeated fibronectin type III domains. The domain organization of DSCAML1 protein is identical to that of DSCAM (25) (26) (27) . Each Ig-like C2 domain consists of ϳ70 amino acids, with a pair of conserved cysteines separated by 43-56 residues. The putative protein contains fifteen N-linked glycosylation sites, one cell attachment sequence (RGD), and a zinc carboxypeptidase, zinc-binding region 2 (CARBOXYPEPT-ZN-2) in the extracellular domain. In the cytoplasmic domain, one protein kinase C phosphorylation site, six casein kinase II phosphorylation sites, and six N-myristoylation sites were predicted. A pairwise comparison (BLAST) of the amino acid sequences of human DSCAML1 and human DSCAM showed 64% identity for the extracellular domains and 45% for cytoplasmic domains. Drosophila DSCAM showed 33% identity for the extracellular domains of human DSCAM and human DSCAML1 (Fig. 2) . The cytoplasmic domain of Drosophila DSCAM did not show significant homology to those of human DSCAM or DSCAML1 (Fig. 2) .
Genomic organization, chromosomal localization, and evolutionary conservation of DSCAML1 gene. A BLAST search against the high-throughput human genome sequence database using the sequence of full-length DSCAML1 cDNA revealed the genomic organization of human DSCAML1 gene (Fig. 3A) . The DSCAML1 gene is composed of at least 32 exons and each Ig-like and FNIII-like domain is coded by one to two exons whereas the transmembrane domain is coded by a single exon. The chromosomal locus of human and mouse DSCAML1 was determined by FISH, using a 6.8 kb cDNA clone containing full-length human DSCAML1 and a 1.8-kb partial cDNA clone of mouse. On the R-banded metaphase spreads, distinct signals were observed on chromosome 11q23 for human (Fig. 3B inset) and chromosome 9B for mouse (Fig. 3B) . A simultaneous G-banding confirmed the loci. To investigate the evolutionary conservation of DSCAML1 gene, a Southern zoo blot containing DNA samples from fish (catfish, Parasilurus asolus), amphibian (Japanese red belly newt, Cynopus pyrrhogaster), reptile (Indian garden lizard, Calotes versicolor), bird (domestic chick, Gallus domesticus) and three mammalian species (rat, mouse and human) was probed with the human DSCAML1 cDNA. Discrete hybridization signals were obtained in the human, mouse, rat, chick, and lizard DNA samples (Fig. 3C) . A faint signal was also observed in the DNAs of newt and catfish. These data suggest that the DSCAML1 gene is highly conserved in vertebrates.
Northern blot analysis of human and mouse DSCAML1. Northern blot analysis of human fetal tissues using a human DSCAML1 cDNA probe revealed a 7.6-kb transcript in the fetal brain but not in fetal lung, liver or kidney (Fig. 4A) . In adult human tissues, a 7.6-kb transcript was seen mainly in the brain and a faint band was detected in kidney (Fig.  4B) . In the sections of adult brain, a single transcript of 7.6 kb appeared in all regions tested except the amygdala (Fig. 4C) . This transcript was distinct from multiple DSCAM transcripts even in the amygdala (25) . To investigate the expression of DSCAML1 in the embryonic and post-natal stages of mouse, Northern blot hybridization was performed (Figs. 4D-4F ). In the RNA samples from whole embryos, DSCAML1 transcripts were first detected at 17 dpc (Fig. 4D) . DSCAML1 transcripts were detected at similar levels in all post-natal stages tested (Fig. 4E) . Identical to the results in human, DSCAML1 transcripts were detected only in brain in adult mice tissues (Fig. 4F) . No difference was observed in the expression pattern when probed with either the 5Ј (591 bp) or 3Ј (304 bp) ends of the DSCAML1 gene (data not shown).
Regional expression of DSCAML1 in adult mouse brain.
To determine the regional distribution of DSCAML1 transcripts in adult mouse brain, we performed in situ hybridization using a DSCAML1 antisense transcript as a probe. In situ hybridization in 300-micron parasagittal vibratome sections of adult mouse brain indicated that DSCAML1 was expressed in a regionally restricted manner (Fig. 5A) . The strongest signal was detected in the cerebellum, hippocampus, and olfactory bulb. In the cerebellum, prominent signals were detected in the Purkinje cell layer (Fig.  5B) . In the hippocampus, DSCAML1 was strongly expressed in granule cells of the dentate gyrus and in pyramidal cells of the CA1 and CA3 regions (Fig. 5A) . DSCAML1 expression was also detected in olfactory glomerular cells, granule cells, and mitral cell layer of the olfactory bulb (Fig. 5C ). Moderate expression was detected in the cerebral cortex and thalamus (Fig. 5A) .
Hybridization with sense probe produced no staining above background level (data not shown).
Cell surface and axonal expression of DSCAML1.
To characterize the DSCAML1 protein and examine its subcellular localization, a DSCAML1 cDNA containing the entire coding region was subcloned into a mammalian expression vector to generate pcDNA-Myc ϩ DSCAML1 and pEGFP-DSCAML1 expression constructs. The pEGFP-DSCAML1 construct was transfected into the widely used L cell line (28, 34) and examined by immunocytochemistry. Intense staining was observed on the cell surface (Fig. 6A) , whereas vector-transfected cells showed cytoplasmic and nuclear staining under similar conditions (data not shown). Similar results were observed when PC12 cells were transfected with pcDNA-Myc ϩ DSCAML1 construct and stained with anti-Myc antibody under unpermeabilized conditions (Fig. 6D) , whereas no staining was observed when cells were transfected with vector only (data not shown). These results clearly DSCAML1 was costained with an axon marker (neurofilament) (Figs. 6G-6I ). On the other hand, no significant overlap of signals was observed when a dendrite specific marker (MAP2) was used (data not shown). These findings indicate that DSCAML1 targets axons in differentiated PC12 cells.
DSCAML1 shows homophilic binding activity.
Cell adhesion molecules in the Ig superfamily generally adhere to each other and exhibit homophilic binding activity. To test whether DSCAML1 mediates cellular adhesion, we performed standard cell aggregation assays using L cells (28) . L cells (L-DSCAML1-1) stably expressing DSCAML1 demonstrated increased aggregation compared with control cells (L-EGFP-1) transfected with a vector (Fig. 7A) . After 1 h, the percentage of cells in aggregates was 50% in L-DSCAML1-1 cells and 95% in control L-EGFP-1 cells (Fig. 7B) . These results were essentially identical to those obtained with DSCAM, F3, and NCAM (28, 35) , indicating that the aggregation observed in L-DSCAML1-1 cells is attributable to DSCAML1-mediated interactions.
To further confirm that the observed cell-cell aggregation was due to the homophilic interaction between DSCAML1 expressing cells and not a result of a heterophilic interaction between DSCAML1 and a native molecule expressed on the surface of L-cells, L-DSCAML1 and L-EGFP cells were differentially labeled, mixed and observed for aggregation pattern. As shown in Figs. 7C-7E, the DiI-labeled L-DSCAML1-1 cells adhered predominantly to each other to form larger aggregates, although the aggregates were devoid of DiO-labeled L-EGFP-1 cells. These results indicate that aggregation is mediated by a homophilic interaction between DSCAML1 molecules expressed on the cell surface. These assays were performed in culture medium containing Ca 2ϩ and therefore, we tested the requirement for Ca 2ϩ in DSCAML1-mediated cell-cell adhesion. For this assay, L-DSCAML1-1 cells were incubated in Ca 2ϩ -free medium in the presence or absence of 10 mM EDTA. No effect was observed on L-DSCAML1 aggregation, indicating that DSCAML1 does not require Ca 2ϩ for mediation of its binding activity (Fig. 7A) . 
DISCUSSION
In the early development of the nervous system, neurons differentiate and extend their neurites to target organs, forming a complex neural network. Cell adhesion molecules (CAMs) expressed on neurons and their surrounding cells, and extracellular matrix molecules are believed to mediate this dynamic process (2) . Ig superfamily cell adhesion molecules form one large group that participates in the organization of the nervous system as well as in the differentiation of various other tissues. (36) . DSCAM, a member of this Ig superfamily, which contains ten Ig-like domains in its extracellular region, was originally identified on human chromosomal band 21q22, the locus assumed to be associated with the mental retardation phenotype of Down Syndrome (25) . Previous studies in human, mouse, and Drosophila have suggested possible important functions for DSCAM in the axonal guidance and the formation and maintenance of highly ordered neural networks (26, 27) .
The DSCAML1 gene characterized in the present study is a novel member of the DSCAM subfamily, which encodes a protein preserving a domain structure identical to that of DSCAM orthologues (25) (26) (27) . The presence of a tenth Ig repeat inserted between the fourth and fifth FNIII domains is a unique structural feature of this subfamily, which is also conserved in the DSCAML1 protein. The extracellular domains show higher homology between the family members than the cytoplasmic domain, suggesting that they are under higher selective pressure than the cytoplasmic domain. In a Southern zoo blot, DSCAML1 probe detected discrete bands in DNA samples of amniotic species, suggesting that the DSCAML1 gene is an early acquisition during vertebrate evolution. The human DSCAML1 gene contains 32 exons. In Ig superfamily members such as NCAM, axonin-1, and F11, FNIII-like domains are encoded by two exons (37) (38) (39) . In contrast, the number of exons coding for one FNIII-like domain in DSCAML1 appears to be variable, as was previously observed for DSCAM (26) .
Schmucker et al. (27) identified Drosophila DSCAM as a binding protein to Dock, an SH3/SH2 adaptor protein required for axon guidance. The number of exons that code for Drosophila DSCAM is less (24 exons) than in human DSCAM and DSCAML1. However, mutually exclusive alternative splicing has been identified only in Drosophila and various combinations of these alternative exons may potentially generate more than 38,000 DSCAM isoforms (27) . Since no splicing variant has been identified in DSCAML1 cDNA clones, and since Northern blots using 5Ј and 3Ј end probes showed nearly identical hybridization profiles, it appears that occurrence of multiple isoforms may be unique to the Drosophila DSCAM.
The expression of DSCAML1 is similar to that of DSCAM, although some differences exist. The regions expressing DSCAML1 and DSCAM largely overlap in the adult mouse brain. These include Purkinje cells of the cerebellum, granule cells in the hippocampal dentate gyrus, and pyramidal cells in the CA3 and CA1 regions, granule cells, the glomerular cell layer, and mitral cell layer in the olfactory bulb, and some neurons in the cerebral cortex and thalamus. Purkinje cells are associated with motor and balance skills but are now increasingly thought to be involved in motor learning processes (40) . The hippocampus and olfactory bulb mediate a variety of functions including learning, memory, and sensory perception. Like DSCAM, DSCAML1 is, therefore, of obvious interest in the study of neuronal circuits that mediate these functions. This overlapped expression suggests a functional interaction between DSCAM and DSCAML1. However, DSCAML1 expression is highest in the adult brain and very low in the embryonic stages. In contrast, the expression of DSCAM is relatively high in the embryonic stages and drops off in adulthood (26) , suggesting distinct developmental roles of these two members. Another prominent difference between these molecules is that DSCAML1 is not expressed at all in the amygdala, whereas DSCAM is strongly expressed (25) . This also suggests that these two proteins are not always functionally associated.
The precise function of the nervous system depends on the specific connections between neurons that are established during development. Elaborate synapse formation is believed to require appropriately timed and localized appearance of axonal and dendritic cell surface adhesion molecules. AxCAMs are associated with the axons of neuronal cells and play critical roles in axonal elongation, guidance and fasciculation. Thus, it appears that specific axonal function is mediated by restricted distribution of CAMs in axons. To date, most reported Ig-superfamily members are localized either in axons or in dendrites of neuronal cells. Therefore, it is of interest to examine whether DSCAML1 is an axonal and/or dendritic CAM. The observation of overlapping DSCAML1 signals obtained using an axonspecific marker in PC12 cells indicates that DSCAML1 is localized in axons. However, it is still not known whether this distribution pattern is observed for endogenous DSCAML1 in neuronal cells. Further experiments are required to clarify the subcellular localization of DSCAML1 in vivo.
Ig-superfamily members are known to mediate cell adhesion through homophilic intercellular adhesion, as has been demonstrated for NCAM (11, 41) , L1CAM (42), myelin glycoprotein P-zero (P 0 ) (43) , and DSCAM (28) . As determined by a quantitative cell adhesion assay, stable DSCAML1 expressers aggregated with faster kinetics than the DSCAML1 negative cells. A significant difference was evident at the 30 min time point, implying that the protein is involved in initiation rather than stabilization of the intercellular contacts. These results are essentially identical to those obtained for F3, NCAM, L1CAM, and DSCAM (28, 34, 35, 41) . Similar results were obtained even when complete medium was replaced with HBSS in the absence of Ca 2ϩ or Mg 2ϩ or both, suggesting that the observed adhesion was independent of divalent cations. This feature is also observed in other Ig-superfamily members. However, the finding that DSCAML1 is capable of mediating homophilic adhesion does not exclude the possibility that it is also involved in heterophilic interactions. A number of Ig-superfamily members show heterophilic binding activity in addition to homophilic binding activity (44) . The overlapping expression of DSCAM and DSCAML1 suggests heterophilic binding between these two members and it would be of interest to check this possibility.
Several Ig-superfamily members have been reported to be responsible for neurological human diseases. The X chromosome gene L1CAM is linked to several abnormalities, including X-linked hydrocephalus (XLH or HSAS) and MASA (mental retardation, aphagia, shuffling gate, and adducted thumbs) syndrome (45) . Specific mutations in the extracellular domain of L1CAM have been shown to affect its cell-surface expression, eventually resulting in the inability of L1CAM to mediate binding and signaling in cells (46) . Mutations in Po (43) cause Charcot-Marie-Tooth disease (MIM 118200), which is characterized by progressive slowing of nerve conduction and hypertrophy of Schwann cells. A more severe hypertrophic polyneuropathy, DejerineSottas disease (MIM 145900), is also caused by mutations in P 0 . Defects in the gene PVRL1 on 11q23 have recently been associated with developmental abnormalities and mental retardation (47, 48) . The chromosomal locus 11q23 containing human DSCAML1 harbors candidate regions for several diseases of unknown etiology (49) . Diseases with neurological defects, such as Gilles de la Tourette syndrome (MIM 137580; 50), and Jacobsen syndrome (MIM 147791), are of particular interest as they suggest a physiological relationship with genes expressed in the nervous system. Chromosome 11q23 appears to contain a number of genes and gene families expressed in the nervous system, including the Thy-1 glycoprotein and NCAM, both members of the Ig superfamily. These genes as well as DSCAML1 are interesting candidates for the neurological diseases mapped on 11q23.
